ABSTRACT: For hard rock subsea tunnels the most challenging rock mass conditions are in most cases represented by major faults/weakness zones. Poor stability weakness zones with large water inflow can be particularly problematic. At the pre-construction investigation stage, geological and engineering geological mapping, refraction seismic investigation and core drilling are the most important methods for identifying potentially adverse rock mass conditions. During excavation, continuous engineering geological mapping and probe drilling ahead of the face are carried out, and for the most recent Norwegian subsea tunnel projects, MWD (Measurement While Drilling) has also been used. During excavation, grouting ahead of the tunnel face is carried out whenever required according to the results from probe drilling. Sealing of water inflow by pre-grouting is particularly important before tunnelling into a section of poor rock mass quality. When excavating through weakness zones, a special methodology is normally applied, including spiling bolts, short blast round lengths and installation of reinforced sprayed concrete arches close to the face. The basic aspects of investigation, support and tunnelling for major weakness zones are discussed in this paper and illustrated by cases representing two very challenging projects which were recently completed (Atlantic Ocean tunnel and T-connection), one which is under construction (Ryfast) and one which is planned to be built in the near future (Rogfast).
Introduction
Since the early 1980's around 50 subsea rock tunnels have been built along the coast of Norway.
Most of these are road tunnels, with the 7.9 km long Bømlafjord tunnel as the longest, and the Eiksund tunnel as the deepest, with its lowest section 287 m below sea level. Some subsea tunnels have also been built for the oil industry as shore approaches and pipeline tunnels, and some for water supply and sewerage.
Extensive site investigations, with offshore acoustical profiling, refraction seismics and in most cases also core drilling in addition to conventional desk studies and onshore mapping, are always carried out for the subsea tunnels. In addition, extensive investigations during excavation are carried out. In many cases, excavation of the Norwegian subsea tunnels has been completed without major problems related to the ground conditions. In difficult ground conditions, will be discussed in some detail, and two very long and deep subsea tunnels under construction and in planning (Ryfast and Rogfast, respectively) will be briefly described. The paper is based on the author's experience as members of expert panels for many subsea projects.
Pre-Construction Investigations
The main pre-construction investigations for a subsea tunnel are: • Rock types; character, distribution and strength.
• Weakness zones/ faults; location, orientation and character. Each zone is evaluated and described individually.
• Jointing; including orientations of main joint sets, spacings, continuity, roughness and coating/filling (gouge material).
From the collected engineering geological information an engineering geological model is developed.
Samples are taken for laboratory testing of physical and mechanical properties. To avoid the effect of weathering in samples taken in outcrops, some blasting is often necessary.
Reflection seismic investigation (often referred to as acoustic profiling) is used for finding the depths In addition to the variations of the rocks, the in situ seismic velocities in rock masses depend on:
• The rock stresses; causing a general increase of seismic velocity with depth. Thus, direct comparison of velocities at the surface and at the tunnel level is not realistic.
• The degree of jointing; representing an important factor in interpretation of refraction seismic measurements to assess the block size.
• The presence of open joints or joints with filling.
• The presence of faults and weakness zones Core drilling is used to obtain geo-information from volumes of rock masses that cannot be observed, and is often used in combination with geophysical measurement as shown in Fig. 1 . In most cases for subsea tunnels, core drilling is carried out from the shore as illustrated in the figure, but in some cases it is also carried out as directional drilling. In a few cases, when this has been considered necessary to prove the feasibility of the project, core drilling is also carried out from drill ships.
The purpose of a core drilling investigation is to:
• Obtain more information on rock mass structure.
• Study ground water conditions.
• Provide samples for laboratory testing and petrographic analyses. • Confirm the geological interpretation.
• Obtain information on the rock types and their boundaries in the rock mass.
In hard rocks dominated by discontinuities, core drilling is often carried out to study certain larger faults or weakness zones which are assumed to determine the stability and ground water conditions of the tunnel. The drill holes will, however, also give additional information where they penetrate the adjacent rock masses.
Considering the high cost of good quality core drilling, it is important to spend sufficient time and money for high quality core examination and reporting, including high quality photographs of the cores.
Investifations During Excavation
Even the most extensive pre-construction investigations cannot reveal all detail regarding rock conditions. Some uncertainty will always remain when The most difficult rock mass conditions often occur in the fault zones at the deepest part of the tunnel.
Any uncontrolled major water inflow here may have severe consequences. In such sections of the tunnel, core drilling is sometimes used for probe drilling.
Probe drilling also has the very important purpose of providing the basis for decision whether to grout or not as described in the next section of this paper.
In addition to probe drilling, continuous follow-up at the tunnel face by well qualified engineering geologists and rock engineers is of great importance.
In Norwegian tunnelling this has become more and more realized, and time for such follow up is today included in the contract. Use of MWD/DPI has a great potential for predicting rock mass conditions ahead of the tunnel face. The method is however still at the development stage, and interpretation of data is often uncertain.
As basis for the decision on whether to pre-grout or not, measurement of water inflow in probe drill holes as described above is therefore still the preferred method.
Methodology for Excavation in Difficult Rock Mass Conditions
All Norwegian subsea tunnels so far have been excavated by drilling and blasting, which provides great flexibility for varying rock mass conditions and is cost effective. The 6.8 km North Cape tunnel (completed in 1999) was considered for TBM, but also in this case drilling and blasting (D&B) was chosen as the final method. A main reason for not choosing TBM was that the risks connected to potential water inflow were considered too high. During tunnelling, water inflow was not a main problem.
The main problem turned out to be thinly bedded rock causing stability problems in the D&B drives, which due to the uniform circular profile and less disturbance of the contour by TBM-excavation probably would have been less in a TBM drive. For rock support, a combination of fibre reinforced shotcrete and rock bolting is most commonly used.
In good quality rock, spot bolting is sometimes considered sufficient, while in poorer quality systematic bolting is most common.
In difficult ground conditions spiling bolts are used, and sometimes also reinforced shotcrete ribs as shown All rock support structures are drained, whether 
Case Examples

Recently completed tunnels
To illustrate the very challenging rock mass conditions that may in some cases be encountered in subsea tunneling, and the way the problems may be solved, two relevant, recent cases will be briefly discussed; the T-connection and the Atlantic Ocean tunnel.
The T-connection
The As shown in Fig. 6 , the T-connection tunnels were excavated in greenstone/greenschist, sandstone, phyllite and gneiss. The degree of jointing was mainly moderate. There were, however, many small weakness 
